Resistivity, Seebeck coefficient, and Hall measurements were performed on densified nanocrystalline composite materials of undoped and Ag-doped PbTe nanocrystals to investigate the physical mechanisms responsible for Seebeck coefficient enhancement in nanocrystalline systems. The unique temperature dependence of the resistivity and mobility for these PbTe nanocomposites suggests that grain-boundary potential barrier scattering is the dominant scattering mechanism. We propose that carrier trapping in the grain boundaries forms energy barriers that impede the conduction of carriers between grains, essentially filtering charge carriers with energy less than the barrier height. These nanocomposites therefore demonstrate an enhanced Seebeck coefficient as compared to single crystal or polycrystalline PbTe at similar carrier concentrations.
I. INTRODUCTION
The controlled fabrication of nanoscale semiconductors with enhanced physical properties is a current goal of technical as well as fundamental interest. To this end, the influence of semiconductor grain boundaries on carrier transport becomes increasingly important in nanoscale polycrystalline systems, where surface, point defect, dislocation, and interfacial energy barrier scatterings can dominate the transport. [1] [2] [3] Recent identification of several higher efficiency thermoelectric ͑TE͒ materials can be attributed to nanoscale enhancement. [4] [5] [6] [7] [8] [9] [10] [11] These materials demonstrate increased Seebeck coefficient and decreased thermal conductivity due to the phenomenological properties of nanometer length scales, including enhanced interfacial phonon scattering and charge carrier filtering. Nanostructured TE enhancement aims to "split" the interdependence of the electrical and thermal transport, allowing for better optimization of the TE figure of merit, ZT = S 2 T / . 12 This equation defines the effectiveness of a material for TE applications, where S is the Seebeck coefficient, T is the absolute temperature, is the electrical resistivity, and is the thermal conductivity. The reduction in through the interface scattering of phonons remains the primary mechanism for increased TE performance in nanostructured systems. 4, [6] [7] [8] However, to achieve superior TE performance requires enhancement of the power factor ͑S 2 / ͒. Carrier filtering, where the presence of interfacial energy barriers filters low-energy charge carriers traversing the interface, has been theoretically predicted. 13, 14 This increases ͉S͉, as its value depends on the mean carrier energy relative to the Fermi level. 12 An understanding of this phenomenon in bulk materials is of fundamental importance. A small body of work has indicated that TE property improvements for bulk nanocrystalline materials are feasible; [15] [16] [17] however, the physical mechanism responsible for S enhancement in these materials has not been developed. To this end, we investigate the transport properties of doped and undoped nanocomposites, i.e., nanocrystals densified within a macroscale nanocomposite, in order to promote further insight and stimulate fundamental research into the transport of polycrystalline bulk semiconductor grain boundaries.
II. RESULTS AND DISCUSSION
PbTe nanocomposites were prepared by densifying 100 nm PbTe nanocrystals synthesized in high-yield employing a solution-phase reaction of two monometallic aqueous precursor solutions. 17, 18 The carrier concentrations were modified by directly doping the PbTe nanocrystals with Ag ͑Ag 2 Te͒ prior to the densification procedure ͑specimens III and IV͒. Spark plasma sintering ͑SPS͒ successfully consolidated these nanoscale grains within a dense PbTe matrix at 95% bulk theoretical density. As we have previously shown, 17 densifying solely the nanocrystals results in the dispersion of nonconglomerated nanostructure within a bulk matrix, with grains ranging from 100 nm to over 1 m. Table I lists room-temperature physical properties, described below. X-ray diffraction following SPS indicated ϳ5 vol % PbTeO 3 impurity for specimens I and II, and ϳ3 vol % TeO 2 impurity for specimens III and IV.
The nanocomposites were cut into 2 ϫ 2 ϫ 5 mm 3 parallelepipeds for transport property measurements. Four-probe and S were measured from 12 to 300 K in a custom radiation-shielded vacuum probe with maximum uncertainties of 4% and 6%, respectively, at 300 K. 19 Temperaturedependent four-probe Hall measurements were conducted from 5 to 300 K at both positive and negative magnetic fields of up to 5 T to eliminate voltage probe misalignment effects.
For all specimens, a linear and positive magnetic field dependence of the Hall resistance confirms dominant p-type conduction. The carrier concentrations increase upon Ag doping by more than a factor of 5, as listed in Table I . Correspondingly, the values, as shown in Fig. 1 , exhibit a significant reduction in magnitude compared to the undoped specimens. All specimens exhibit relatively large roomtemperature S values of approximately 325 V / K for the two undoped specimens and 200 V / K for the two Agdoped specimens.
The low-temperature values show activated temperature dependence ͑d / dT Ͻ 0͒ in all specimens and a nonlinear increase with decreasing temperature but with a sharp peak in near 70 K for the Ag-doped specimens ͑Fig. 1͒. Below 70 K the values rapidly decrease with decreasing temperature. However, temperature-dependent carrier concentration for all specimens indicates only a weak dependence with temperature. Lead chalcogenides exhibit large dielectric permittivity ͑͒ and small effective mass ͑m ‫ء‬ ͒ that merge impurity levels with the allowed energy band, resulting in lowtemperature impurity ionization, with energy ϰm ‫ء‬ −2 . 20-22 Consequently, the carrier concentration remains approximately constant where there is no degeneracy down to low temperature. Figure 2 shows the temperature dependence of the mobility, , for the two Ag-doped specimens in comparison to the two undoped nanocomposites. While the room temperature mobilities are consistent with those reported in the literature, the temperature dependence differs significantly from single crystal and polycrystalline lead chalcogenides since the nanocomposite mobilities decrease with decreasing temperature, opposite to that of bulk materials reported in the literature. [20] [21] [22] [23] [24] In addition, the low-temperature values for the Ag-doped specimens also show an order of magnitude increase as compared to the undoped specimens and exhibit a dip in ͑an approximately twofold decrease͒ near 80 K, as compared to those values at the lowest temperature.
The scattering mechanisms that dominate the transport in bulk lead chalcogenides do not fully describe the unique temperature dependence of in these nanocomposites, implying the presence of an additional scattering mechanism. In nondegenerate semiconductors the carriers are scattered by long-wavelength acoustic phonons, ϰ m ‫2/5−ء‬ T −3/2 . 20 Since the factor m ‫2/5−ء‬ is inversely proportional to temperature in lead chalcogenides ͑based on experimental temperature dependence of m ‫ء‬ ͒, the mobility therefore varies with T −5/2 , as experimentally observed in single crystal and polycrystalline lead chalcogenides, with a weaker dependence on degenerate specimens. 20, 21 This dependence is opposite of that observed in the PbTe nanocomposites, suggesting that phonon scattering is present in combination with an additional mechanism. Furthermore, the experimental data indicate that is not proportional to T 3/2 in these nanocomposites and suggests scattering by ionized impurities is not a dominant mechanism. The high in PbTe implies suppression of long-range Coulomb potentials, limiting scattering to near the internal point of an impurity due to the large Bohr radius ͑ϰm ‫1−ء‬ , on the order of the lattice constant͒, 25, 26 and consequently, a small screening length. Therefore, it is unlikely that ionized impurity scattering is effectively present in these nanocomposites, particularly at room temperature where the interaction time ͑the time required for the carrier to pass the region of one impurity ion͒ 26 is significantly shorter. The nanocomposite carrier conduction can be effectively described as dominated by grain-boundary potential barrier scattering, in combination with phonon scattering. Similar models have successfully described the electrical properties of silicon, CdTe, and nanostructured metal oxide films. 3, [27] [28] [29] Our previous work indicated oxygen adsorption in the PbTe nanocomposites. 17 This surface reactivity is difficult to prevent, considering the aqueous nature of the synthesis technique. 17, 18 The surface oxidation of PbTe is a sequential process, proceeding first through the formation of weak peroxidelike structures ͑up to 70% coverage͒ then by the chemisorption of oxygen. 30 Density-functional theory calculations of the surface reactivity of PbTe ͑Ref. 30͒ indicate that these oxygen complexes form chemical bonds by transferring charge from the tellurium atoms. 30 These chemical shifts were experimentally confirmed through x-ray photoemission spectroscopy. 30 The chemisorption of oxygen essentially forms carrier trapping acceptor states by removing electrons from the grain surface, reducing itinerant carrier density. For nanocrystalline materials, this chemisorption results in increased trapping of carriers at grain boundaries, forming energy barriers that impede the conduction of carriers between grains. Assuming a uniformly distributed concentration of ionized carrier traps, N t / cm 2 , a grain-boundary thickness less than the crystallite size L, whose morphology and size distribution are identical, and within the grains less than through the boundary, the effective mobility is given by
where q is the carrier charge, m ‫ء‬ is the effective mass, k is the Boltzmann constant, T is the temperature, and E B is the height of the energy barrier in the depletion region. A plot of the logarithm of vs 1 / kT for the PbTe nanocomposites indicates activated behavior from conduction through the boundary potential barrier between grains ͑Fig. 2͒. Fitting the higher-temperature data yields an energy barrier E B = 60 meV for all specimens. This suggests the energy barriers form through a similar oxygen chemisorption mechanism in both the undoped and Ag-doped specimens. Conduction through ballistic transport occurs when the average energy of the charge carriers is sufficient to overcome this energy barrier. As the temperature increases, the average energy of the charge carriers increases and therefore the electrical conductivity increases ϰT −1/2 exp͑−E B / kT͒. This mechanism dominates at higher temperature and for higher carrier densities, where the concentration of carriers with larger average energy is larger. However, an additional conduction mechanism dominates at lower temperature. When the grain-boundary energy barrier is sufficiently narrow and high, the charge carriers quantum mechanically tunnel through the barrier. 27 In equilibrium, the dependence of barrier height E B on the density of trapping states N t and the carrier concentration p is given by 3 ,28 E B = q 2 N t 2 / 8 0 p, and the barrier width ͑space charge region͒ by W = ͑2 0 E B / q 2 p͒ 1/2 , where q is the carrier charge, = 414 for PbTe at 300 K, 31 and 0 is the vacuum permittivity. Table I lists these calculated values for the two undoped specimens in comparison to the two Ag-doped specimens. As the carrier concentration increases with doping, the barrier height remains constant but promotes an increase in trapping state density. Furthermore, as the carrier concentration increases, the barrier width decreases by a factor ϰp −1/2 . This suggests an increase in tunneling conduction ͑transmission probability͒ with doping.
The one-dimensional time-independent WKB transmission probability for the potential barrier is given by 32
where x 1 and x 2 are the classical carrier turning points with energy E, m ‫ء‬ is the effective mass, and qV͑x͒ is the interfacial barrier energy. Therefore, the tunneling probability is a maximum for charge carriers with smaller m ‫ء‬ . The electrical transport in p-type PbTe is dominated by two bands: a lower mobility heavy-hole ͑HH͒ valence band below the light-hole ͑LH͒ valence band at low temperature, where 10m LH ‫ء‬ ϳ m HH ‫ء‬ . 20, 33 We assume similar m ‫ء‬ and band structure for the nanocomposites. At low temperature and higher hole densities, the electrical properties are dominated nearly exclusively by the LH carriers. As the temperature increases, the HH band rises, resulting in a decreasing and an increase in carrier scattering for the higher carrier density specimens. At higher temperature, when the average energy of the charge carriers is sufficient to overcome the grain-boundary energy barrier, conduction is dominated through thermionic emission, T 1/2 exp͑−E B / kT͒, and increases with temperature. Grain-boundary potential barrier scattering of the carriers, in combination with phonon scattering, gives rise to the unique temperature dependence of the electrical conductivity and the mobility in these nanocomposites.
The effective crystallite size was estimated using Eq. ͑1͒, the energy barriers obtained from fitting the temperature dependence of , the values calculated from the room temperature carrier concentration, and the HH m ‫ء‬ = 1.5m 0 .
20
These estimates indicate effective crystallite sizes between 300 and 400 nm, listed in Table I , and are consistent with the dimensional nanocomposite structure observed in our scanning electron microscopy analyses. This suggests the grainboundary energy barrier scattering is dominated through these nanoscale features. We note that inclusion of LH carriers in the calculation would only slightly lower the effective crystallite size. Furthermore, conduction through the boundary potential barrier between grains essentially filters lower-energy charge carriers, increasing the average carrier energy and consequently, ͉S͉. Figure 3 shows the room temperature S for the PbTe nanocomposites in comparison to theoretically calculated bulk values, 20, 34 indicating an enhancement in S as compared to bulk PbTe at the same carrier concentration. In addition, we compare the room temperature S 2 / for the nanocomposites to two of our undoped and two Na-doped bulk PbTe specimens, indicating an enhancement in S 2 / over that of bulk PbTe by up to a factor of 2 ͑inset in Fig. 3͒ . The larger S 2 / in the nanocomposites as compared to bulk polycrystalline materials, in addition to similar thermal conductivities ͑Table I and Ref. 20͒ , results in enhanced roomtemperature ZT of up to a factor of 2 as compared to bulk PbTe. This suggests that interfacial energy barrier carrier fil-tering may be an effective method of thermoelectric performance enhancement in these bulk nanocomposites. Similar carrier filtering enhancements to S were observed in InGaAs/ InGaAlAs heterostructures. 35 We note that interfacial energy barrier carrier filtering may not require nanoscale features ͑or grain-boundary oxide formation͒, and similar activated conduction could, to some degree, be observed in bulk polycrystalline chalcogenide systems prepared in nonreducing atmospheres. However, nanoscale features increase the density of these interfaces, thereby enhancing the effective filtering.
III. CONCLUSION
In conclusion, PbTe nanocomposites were prepared by densifying 100 nm PbTe nanocrystals synthesized in high yield employing a solution-phase technique. SPS successfully consolidated these nanoscale grains within a dense PbTe matrix. The carrier concentrations were modified by directly doping the PbTe nanocrystals with Ag prior to densification. The unique temperature dependence of and suggests an additional scattering mechanism in combination with phonon-carrier scattering dominant in single crystal and polycrystalline lead chalcogenides. For these nanocrystalline materials, we suggest that the chemisorption of oxygen may result in increased trapping of carriers at grain boundaries, forming energy barriers that impede the conduction of carriers between grains. This conduction can be effectively described as dominated by grain-boundary potential barrier scattering, in combination with phonon scattering. Furthermore, these nanocomposites demonstrate an enhanced TE performance as compared to bulk PbTe, suggesting that interfacial energy barrier carrier scattering is an effective method of thermoelectric performance enhancement in bulk nanocomposites. 
